Abstract: Post-entrapment modifications reduce the reliability of fluid inclusions to determine trapping conditions in rock. Processes that may modify fluid inclusion properties are experimentally identified in this study using synthetic fluid inclusions in quartz with a well-defined composition and density. Modifications are characterized with microthermometry (homogenization and dissolution temperatures) and Raman-spectroscopy in binary fluid systems H 2 O-D 2 O and H 2 O-NaCl. Three distinct processes were identified in this study: (1) diffusion of H 2 O and D 2 O; (2) crystal-recovery, expulsion of H 2 O and accumulation of quartz in inclusions (preferential H 2 O loss); (3) irreversible total volume increase at the α-β quartz transition. Diffusion is caused by H 2 O fugacity gradients and can be modelled according to classical diffusion models. The variability of re-equilibrated properties in fluid inclusion assemblages depends on time, temperature, diffusion distance and the size of fluid inclusions. Negative pressure gradients (internal under-pressure) induce the crystal-recovery process, in which H 2 O is preferentially extracted from inclusions that simultaneously shrink by the inward growth of quartz. This process reduces the H 2 O concentration and increases the fluid density by total volume loss. Temperature and time are also controlling factors of this process, which is able to transport H 2 O against fugacity gradients.
Introduction
Equilibrium thermodynamics is an important tool within geosciences. For example, the stability of minerals is a fundamental concept in metamorphic processes, and it defines the metamorphic grade of the rock [1] . The mobility of matter is a factor that has a major impact on establishing equilibrium conditions. Stable isotopes' distribution is described by equilibrium thermodynamics [2] , whereas the tendency of isotopes to distribute equally in a system by diffusion seriously affects the age determinations with radiogenic isotopes within rock and single grains [3] . The "closure temperature" of specific minerals defines the limit of the efficient diffusion of radiogenic isotopes, and it constrains metamorphic cooling history estimations.
The concept of "closure temperature" can also be applied to fluid inclusion research. A hypothesis of major importance in fluid inclusion research is that fluid inclusions do not change in total volume and mass contents after their formation [4] . This hypothesis can be experimentally verified or falsified by studying re-equilibration possibilities for specific external conditions [5, 6] . The main challenge is the identification and quantification of the modifications of fluid inclusion properties at specific temperatures, pressures and chemistries of external systems, such as pore fluid surrounding grains that contain fluid inclusions. The efficiency of modification processes may be defined by temperature limits, i.e., the concept of "closure temperature", which may be identified for a variety of host minerals. The knowledge of re-equilibration processes may classify specific rock as reliable Experimental confining argon-pressure and temperature were continuously logged by a computerized system. Each experiment in the work of Doppler et al. [10] , Doppler and Bakker [11] and Bakker and Doppler [12] , both the synthesis and the complementary re-equilibration, was intended to be performed exclusively under identical conditions without any gradients in temperature and initial pressure or deviatoric stress. A gradient in concentration (i.e., fugacity) of specific fluid components between fluid inclusions and a pore fluid surrounding the host grain was intended to be the main driving force for modifications of the fluid properties in apparently isolated inclusions. Pressure gradients were avoided during loading and unloading of the experiments due to the isochoric T-p path.
An example of the log-file of an experimental run is illustrated in Figure 2 . At relatively low An example of the log-file of an experimental run is illustrated in Figure 2 . At relatively low temperatures, the pressure was constant at approximately 30-35 MPa (Figure 2a ). The temperaturepressure control along the isochore of 25 cm 3 /mol (pure H 2 O) started at about 300 • C. The experimental conditions at 600 • C and 337 MPa were reached along this isochore, and the experiment ended after experimental conditions at 600 °C and 337 MPa were reached along this isochore, and the experiment ended after 450 h (Figure 2b ,c). The temperature varied between 599.7 and 600.0 °C and the pressure between 335.5 and 339 MPa during the experiment. These minor variations in temperature and in pressure illustrate that experimental conditions, from the start of loading to the end of unloading, are well controlled by the experimental setup in our laboratory. The equality of the argon pressure in the pressure line and the hydrothermal confining fluid pressure within Au-capsules is obtained from the flexibility of these capsules at high temperatures and pressures, which allows a total volume adjustment according to the loaded amount of fluid. Each capsule will have a maximum amount of fluid that can be loaded according to its size, and this maximum amount is defined by the experimental temperature and pressure. For example, an Aucapsule with a maximum total volume 0.2 cm 3 according to its length and inner diameter contains a quartz core with a total volume of 0.05 cm 3 ; therefore, 0.15 cm 3 can be occupied by a fluid phase. The experimental conditions define a molar volume of this fluid at 25 cm 3 /mol. Consequently, we can load maximally 6 mmole of fluid in this capsule. If less fluid is loaded, the Au-capsule reduces its total volume by contraction under experimental conditions.
Fluid Inclusion Synthesis
Semi-precious natural Brazilian quartz (inclusion-free) is used as the host mineral to synthesize fluid inclusions according to the method of crack-healing [14, 15] . Rods of quartz with an approximate length of 10 mm and a diameter of 2.75 mm are drilled parallel to the c-axis of the quartz crystal. The quartz rods are partially cracked by a thermal shock after heating to 400 °C. A cracked quartz rod and a specific fluid are loaded in a Au-capsule (3 mm in diameter) that is arc-welded on both sides. The fluid composition, average experimental pressure and temperature and duration are shown in Table 1 The equality of the argon pressure in the pressure line and the hydrothermal confining fluid pressure within Au-capsules is obtained from the flexibility of these capsules at high temperatures and pressures, which allows a total volume adjustment according to the loaded amount of fluid. Each capsule will have a maximum amount of fluid that can be loaded according to its size, and this maximum amount is defined by the experimental temperature and pressure. For example, an Au-capsule with a maximum total volume 0.2 cm 3 according to its length and inner diameter contains a quartz core with a total volume of 0.05 cm 3 ; therefore, 0.15 cm 3 can be occupied by a fluid phase. The experimental conditions define a molar volume of this fluid at 25 cm 3 /mol. Consequently, we can load maximally 6 mmole of fluid in this capsule. If less fluid is loaded, the Au-capsule reduces its total volume by contraction under experimental conditions.
Semi-precious natural Brazilian quartz (inclusion-free) is used as the host mineral to synthesize fluid inclusions according to the method of crack-healing [14, 15] . Rods of quartz with an approximate length of 10 mm and a diameter of 2.75 mm are drilled parallel to the c-axis of the quartz crystal. The quartz rods are partially cracked by a thermal shock after heating to 400 • C. A cracked quartz rod and a specific fluid are loaded in a Au-capsule (3 mm in diameter) that is arc-welded on both sides. The fluid composition, average experimental pressure and temperature and duration are shown in the synthesis experiments are given by Doppler et al. [10] , Doppler and Bakker [11] and Bakker and Doppler [12] . Crack healing of quartz is an efficient process to reduce surface energy at the experimental temperatures by diffusional transport of dissolved SiO 2 in the fluid phase [15, 16] . Sharply-defined crack tips become blunted, healed curvilinear quartz bridges, and river patterns surrounded by open fluid-filled cracks form, as well as fluid-filled tubes (fluid inclusions) surrounded by regions of fully-healed quartz appear (Figures 3 and 4) . The initial surface roughness of the cracks defines the geometries of the fluid inclusions. Crack healing of quartz is an efficient process to reduce surface energy at the experimental temperatures by diffusional transport of dissolved SiO2 in the fluid phase [15, 16] . Sharply-defined crack tips become blunted, healed curvilinear quartz bridges, and river patterns surrounded by open fluid-filled cracks form, as well as fluid-filled tubes (fluid inclusions) surrounded by regions of fullyhealed quartz appear (Figures 3 and 4) . The initial surface roughness of the cracks defines the geometries of the fluid inclusions. of the synthesis experiments are given by Doppler et al. [10] , Doppler and Bakker [11] and Bakker and Doppler [12] . Crack healing of quartz is an efficient process to reduce surface energy at the experimental temperatures by diffusional transport of dissolved SiO2 in the fluid phase [15, 16] . Sharply-defined crack tips become blunted, healed curvilinear quartz bridges, and river patterns surrounded by open fluid-filled cracks form, as well as fluid-filled tubes (fluid inclusions) surrounded by regions of fullyhealed quartz appear (Figures 3 and 4) . The initial surface roughness of the cracks defines the geometries of the fluid inclusions. Homogeneous fluid inclusion assemblages were formed in each healed crack during our experiments at high temperature and pressure, each inclusion with a fluid density corresponding to the experimental conditions. Detailed experimental data are available as supplementary materials from Doppler et al. [10] , Doppler and Bakker [11] and Bakker and Doppler [12] .
The theoretical molar volumes of fluid inclusions from these experiments are calculated with the equations of state from Haar et al. [17] for pure H 2 O and Driesner [18] for H 2 O-NaCl mixtures in the experimental conditions (Table 2) . Fugacities in H 2 O-NaCl solutions are calculated with the equation of Anderko and Pitzer [19] . The homogenization temperatures corresponding to these molar volumes have to be corrected according to the volumetric properties of the host crystal [20] ( Table 2) . The contraction or expansion of quartz along a fluid isochore causes the modification of the inclusion fluid density, resulting in slightly lower homogenization temperatures (up to −5.5 • C).
The measured homogenization temperatures of the fluid inclusion assemblages reflect these theoretical values in experiment GMR-004, but are significantly higher in the other experiments ( Table 2 ). The largest deviations are observed in the experiments performed at lower temperatures (GMR-006, GMR-007). Higher homogenization temperatures correspond to higher molar volume values (or lower densities), which can be obtained if the fluid pressure inside the Au-capsule is lower than the argon pressure in the pressure line. A lower fluid pressure in Au-capsules is caused by incomplete adjustment of its total volume at higher temperatures. Irregular contractions of the capsule walls and a relatively low degree of fluid filling of the capsules may result in lower internal fluid pressures. 1 Calculated for trapping conditions; 2 standard deviations are given in brackets, calculated from experimental T-p conditions; 3 corrected homogenization temperature and molar volume according to the expansivity and compressibility of quartz [20] along the isochore; 4 individual quartz disk from the synthesis experiments that was prepared for re-equilibration experiments; 5 two-thirds of all measurements fall within the standard deviation.
The spread in measured homogenization temperatures in fluid inclusion assemblages (the range is given in Table 2 ) is larger than the expected variation as calculated from the minor variation in the experimental conditions (corrected values T h in Table 2 ). Although the experimental setup was optimized to obtain a single type of fluid inclusion, irregularities in crack-healing processes during the experiment, loading and unloading must have resulted in a minor variation in fluid densities that exceeds the calculated variation from the ranges of experimental temperatures and pressures (Table 1 ).
Re-Equilibration in the D 2 O Environment
The re-equilibration experiments [10] [11] [12] were intended to be performed at the same temperature and pressure conditions with a different external fluid: either pure H 2 O or pure D 2 O. The fluid p-T-V properties of D 2 O are calculated with the equation of state from Hill et al. [21] . D 2 O is selected for this external fluid because it has similar properties as H 2 O and can be used as a tracer, which is easily detected in fluid inclusions by Raman-spectroscopy [22] and microthermometry. Raman spectra of both H 2 O and D 2 O are broad bands within a range of wavenumbers that do not interfere ( Figure 5 ), 2900-3800 and 2100-2800 cm −1 , respectively [23] . A simple formula based on Placzek's polarizability theory [24, 25] can then be applied to derive a quantitative analysis in molar fractions of H 2 O and D 2 O in fluid inclusions. This formula was confirmed with standard solutions of known variable H 2 O/D 2 O ratios by Baumgartner et al. [22] and results in a simple relationship between molar fractions (X rel ) and Raman-area fractions, Figure 6 and Equation (1):
where a is the Raman band area (intensity × relative wavenumber 
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Fluid Inclusion Re-Equilibration Experiments
After the initial synthesis, fluid inclusion assemblages in selected quartz disks were characterized by microscopy, microthermometry and Raman spectroscopy. These disks were cut out of the quartz cores that were used in the synthesis experiments. A large number of fluid inclusions (up to 100) has been analyzed in each disk in order to obtain a representative amount of data [10] [11] [12] . The disks were loaded in new Au-capsules with pure D 2 O and pure H 2 O, supported on top and below by a quartz-rod to prevent crushing of the disks by Au-capsule contraction in the experimental conditions. The conditions of each re-equilibration experiment are given in Table 3 .
The experimental setup resulted in a variety of gradients between fluid inclusions and the external fluid: D 2 O-fugacity, H 2 O-fugacity and pressure gradients (Table 4) . Although we tried to avoid pressure gradients by selecting similar re-equilibration conditions, the variation in observed molar volumes of individual fluid inclusions resulted locally in minor pressure gradients. Both fugacity and pressure gradients are considered the key factors in post-entrapment fluid inclusion modification. 
The experimental setup resulted in a variety of gradients between fluid inclusions and the external fluid: D 2 O-fugacity, H 2 O-fugacity and pressure gradients (Table 4) . Although we tried to avoid pressure gradients by selecting similar re-equilibration conditions, the variation in observed molar volumes of individual fluid inclusions resulted locally in minor pressure gradients. Both fugacity and pressure gradients are considered the key factors in post-entrapment fluid inclusion modification. (Figure 8b ). In addition, a series of "blank" re-equilibration experiments was performed (Figure 8c ), i.e., H 2 O-rich fluid inclusions were re-equilibrated in a pure H 2 O environment. Most of the experiments were performed within the α-quartz stability field (see Tables 1 and 3) , whereas GMR-010 and GMR-013 were performed within the β-quartz stability field. Modifications of fluid inclusions are evident and recorded by changes in homogenization temperatures, melting (or dissolution) temperatures, inclusion shape, inclusion size and Raman spectra. Gases such as H 2 and CH 2 were not detected in fluid inclusions after re-equilibration experiments. The use of binary fluid mixtures, i.e., H 2 O-D 2 O and H 2 O-NaCl, allows an accurate characterization of processes such as diffusion and total volume changes. (Figure 8b ). In addition, a series of "blank" re-equilibration experiments was performed (Figure 8c ), i.e., H 2 O-rich fluid inclusions were re-equilibrated in a pure H 2 O environment. Most of the experiments were performed within the α-quartz stability field (see Tables 1 and 3) , whereas GMR-010 and GMR-013 were performed within the β-quartz stability field. Modifications of fluid inclusions are evident and recorded by changes in homogenization temperatures, melting (or dissolution) temperatures, inclusion shape, inclusion size and Raman spectra. Gases such as H2 and CH2 were not detected in fluid inclusions after re-equilibration experiments. The use of binary fluid mixtures, i.e., H 2 O-D 2 O and H 2 O-NaCl, allows an accurate characterization of processes such as diffusion and total volume changes. 
"Blank" Re-Equilibration Experiments
A series of "blank" re-equilibration experiments was performed to illustrate that the experiment method itself does not cause modifications of the properties of fluid inclusions. These experiments were performed in similar temperature and pressure conditions with the same fluid as in the original synthesis experiments (GMR-004g, GMR-009b and GMR-010b in Table 3) .
Two "blank" re-equilibration experiments were performed in the α-quartz stability field at 600.6 • C-336.3 MPa (GMR-004g) and 624.8 • C-279.1 MPa (GMR-009b). Re-equilibrated inclusions from GMR-004g homogenize at similar temperatures as after the original synthesis (Figure 3 in Bakker and Doppler [12] ), which confirms the reliability of the experimental method. The experiment GMR-009b reveals insignificant lower homogenization temperatures after the "blank" re-equilibration experiment ( Figure 6 in Doppler and Bakker [11] ). This minor modification is caused by an unintended internal under-pressure of −11.2 MPa (Table 4 ). This relatively low pressure in inclusions (270 MPa) is caused by a minor pressure difference between argon gas in the pressure line and the fluid pressure in the Au-capsule (see Section 3) during the synthesis. A minor modification to higher fluid densities (i.e., to lower T h ) is expected if the inclusions are adapted to the external fluid properties in the re-equilibration experiment.
The "blank" re-equilibration experiment in the β-quartz stability field at 674.9 • C and 322.6 MPa (GMR-010b) reveals a significant change in homogenization temperatures ( Figure 6 in Doppler and Bakker [11] ). The original fluid inclusions reveal homogenization temperatures that exceed the expected values by about 5 • C (Table 2) , due to the previously-mentioned pressure differences between argon gas and fluid in the capsule (see Section 3). Consequently, during the re-equilibration experiments, the inclusions have an internal under-pressure of about −9.6 MPa ( Table 4 ). Similar to the "blank" experiment in the α-quartz field, modification of the fluid inclusion density would result in lower homogenization temperatures, i.e., towards higher densities. However, the observed modifications are significantly higher homogenization temperatures corresponding to lower densities ( Figure 6 in Doppler and Bakker [11] ). An additional process must have been activated in the β-quartz field experiment, which was absent in the α-quartz field experiment, which is able to modify fluid inclusions even in "blank" experiments. It is most likely that the α-β-quartz phase transition is causing this minor modification in fluid inclusion density, corresponding to a total volume increase of about 1% by the induction of micro-cracks or diffusion of H 2 O during the transition.
Synthesis in H 2 O and Re-Equilibration in D 2 O
A series of re-equilibration experiments was performed with GMR-004 and GMR-002 at about 600 • C and 336 MPa in a pure D 2 O environment ( Table 3 ). The induced gradients include only H 2 O-fugacities and D 2 O-fugacities, whereas the pressure difference between fluid inclusions and the Au-capsule can be neglected (Table 4 ). The expected diffusion of H 2 O out of inclusions and D 2 O into inclusions was tested with a variety of run-times (29.8, 125, 450.7 and 960 h, Figure 9a ,b) and temperatures (~300, 400, 500 and 600 • C, Figure 9c ). Complete re-equilibration at 600 • C, i.e., when the internal H 2 O is completely replaced by D 2 O, must result in a decrease of T h (down to 288 • C) ( Table 5 ) and an increase of T m (up to +3.8 • C). Incomplete re-equilibration would result in intermediate values, according to the ideal mixing behavior of H 2 O and D 2 O. The completeness of diffusion is, however, dependent on the parameters in a classical diffusion model [7, 8] , such as duration, temperature, fluid inclusion size and distance to surface. A fluid inclusion assemblage will be modified according to these parameters and may therefore contain a large variety of T h and T m values ( The application of a classical diffusion theory [8] predicts a variation in fluid inclusion modifications according to depth (distance inclusion-quartz surface) ( Figure 10 ) and fluid inclusion size ( Figure 11 ). Figure 10 illustrates that deep inclusions reveal less modifications than shallow inclusions, but these modifications are not uniform at specific depths. The variation in fluid inclusion size is causing this spread at specific depths ( Figure 11 ). For example, large inclusions that are located close to the surface are less modified than small inclusions at similar depths (Figure 12a) . At deeper levels, the large inclusions may show only minor modifications, whereas smaller inclusions are considerably modified. The distance between the quartz surface and fluid inclusions may be overestimated if the remaining open crack space, in which the fluid inclusions were formed, is neglected (Figure 12b ). These types of fluid inclusions are marked with red symbols in Figures 10 The application of a classical diffusion theory [8] predicts a variation in fluid inclusion modifications according to depth (distance inclusion-quartz surface) ( Figure 10 ) and fluid inclusion size ( Figure 11 ). Figure 10 illustrates that deep inclusions reveal less modifications than shallow inclusions, but these modifications are not uniform at specific depths. The variation in fluid inclusion size is causing this spread at specific depths ( Figure 11 ). For example, large inclusions that are located close to the surface are less modified than small inclusions at similar depths (Figure 12a) . At deeper levels, the large inclusions may show only minor modifications, whereas smaller inclusions are considerably modified. The distance between the quartz surface and fluid inclusions may be overestimated if the remaining open crack space, in which the fluid inclusions were formed, is neglected (Figure 12b ). These types of fluid inclusions are marked with red symbols in Figures 10 and 11 and contain more D 2 O than expected from their distance to the surface. For example, the inclusions that contain 26-32 mole% D 2 O in Figure 11c (red symbols) correspond to a distance of 46-56 µm (Figure 11b) to the remaining open crack, whereas they were classified to a larger distance quartz surface-inclusion (125-135 µm). Figure 11c (red symbols) correspond to a distance of 46-56 µm (Figure 11b) to the remaining open crack, whereas they were classified to a larger distance quartz surface-inclusion (125-135 µm). The factor temperature in diffusion coefficients from classical diffusion theories was also investigated by Doppler et al. [10] . The experiment at 400.6 °C-336.7 MPa did not reveal any D2O in re-equilibrated fluid inclusions after 460 h of experimentation (Figure 9c ). Up to 26 mole% D2O was detected in small inclusions close to the surface in the experiment at 499.7 °C-337.3 MPa (Figure 9c ). The efficiency of diffusion is, therefore, limited to temperatures between 400 and 500 °C in our experimental setup, which may correspond to the previously mentioned "closure temperature" at about 336 MPa (see also Figure 7 in Doppler et al. [10] ). D 2 O was not detected in synthetic fluid inclusions after similar re-equilibration experiments at lower temperatures (GMR-006a). The factor temperature in diffusion coefficients from classical diffusion theories was also investigated by Doppler et al. [10] . The experiment at 400.6 • C-336.7 MPa did not reveal any D 2 O in re-equilibrated fluid inclusions after 460 h of experimentation (Figure 9c ). Up to 26 mole% D 2 O was detected in small inclusions close to the surface in the experiment at 499.7 • C-337.3 MPa (Figure 9c ). The efficiency of diffusion is, therefore, limited to temperatures between 400 and 500 • C in our experimental setup, which may correspond to the previously mentioned "closure temperature" at about 336 MPa (see also Figure 7 in Doppler et al. [10] ). D 2 O was not detected in synthetic fluid inclusions after similar re-equilibration experiments at lower temperatures (GMR-006a). One specific H2O molar volume (27.5 cm 3 /mol) in fluid inclusion assemblages was selected to reequilibrate in both the α-quartz and the β-quartz stability field ( Figure 13 ). The re-equilibration was performed in a D2O environment (GMR-009a, GMR-010a, GMR-013a in Table 3 ). Detailed results of these experiments are given in Doppler and Bakker [10] . The expected modifications of fluid inclusion properties correspond to modifications observed in the previously-described experiments at about 600 °C and 336 MPa in the α-quartz stability field. Complete replacement of H2O by D2O (diffusion) in fluid inclusions would result in lower Th: 316.9 °C (ΔTh = −3.7) for GMR-009a and 312.0 °C (ΔTh = −5.5) for GMR-010a, with ice melting temperatures of +3.8 °C. Incomplete re-equilibration One specific H2O molar volume (27.5 cm 3 /mol) in fluid inclusion assemblages was selected to reequilibrate in both the α-quartz and the β-quartz stability field ( Figure 13 ). The re-equilibration was performed in a D2O environment (GMR-009a, GMR-010a, GMR-013a in Table 3 ). Detailed results of these experiments are given in Doppler and Bakker [10] . The expected modifications of fluid inclusion properties correspond to modifications observed in the previously-described experiments at about 600 °C and 336 MPa in the α-quartz stability field. Complete replacement of H2O by D2O (diffusion) in fluid inclusions would result in lower Th: 316.9 °C (ΔTh = −3.7) for GMR-009a and 312.0 °C (ΔTh = −5.5) for GMR-010a, with ice melting temperatures of +3.8 °C. Incomplete re-equilibration One specific H 2 O molar volume (27.5 cm 3 /mol) in fluid inclusion assemblages was selected to re-equilibrate in both the α-quartz and the β-quartz stability field ( Figure 13 ). The re-equilibration was performed in a D 2 O environment (GMR-009a, GMR-010a, GMR-013a in Table 3 ). Detailed results of these experiments are given in Doppler and Bakker [10] . The expected modifications of fluid inclusion properties correspond to modifications observed in the previously-described experiments at about 600 • C and 336 MPa in the α-quartz stability field. Figure 14) . The modifications of fluid inclusions in experiment GMR-010a (β-quartz) are more pronounced than in GMR-009a (α-quartz), due to the differences in the experimental temperatures. Most inclusions in GMR010a reveal a nearly complete replacement of H2O by D2O, whereas GMR-009a has only D2O contents up to 68 mole%. Similar to the "blank" experiment with GMR-009, T h values are insignificantly lower (red symbols in Figure 14) than the expected values (red dashed line in Figure 14) , due to lower fluid pressures inside the Au-capsule than the argon pressure in the pressure line (see Section 3). Although the modifications of fluid inclusions in GMR-010a result in lower T h values (green symbols in Figure 14) , they are significantly higher than the expected values (green dashed line in Figure 14) . Again, a similar result was observed in the "blank" experiment, corresponding to the interpreted increase of inclusion total volume due to the α-β-quartz phase transition. Enhanced permanent modifications in total inclusion volume at this phase transition were also identified by Schmidt et al. [9] with extremely short experimental run times (less than 400 s).
The size of fluid inclusions defines the variation in the amount of the modification for both experiments (Figure 15) . Relatively large inclusions (≈600 µm 2 ) contain maximally 15 mole% D2O, whereas relative small inclusions (≈60 µm 2 ) in GMR-0009a contain up to 70 mole% D2O. The large variation for a specific size is defined by the distance between inclusion and quartz surface. A similar Figure 13 . Temperature-pressure diagram with the experimental conditions of GMR-009 in the α-quartz stability field and GMR-010 in the β-quartz stability field. The red line is the isochore of 27.5 cm 3 /mol. Figure 14) . The modifications of fluid inclusions in experiment GMR-010a (β-quartz) are more pronounced than in GMR-009a (α-quartz), due to the differences in the experimental temperatures. Most inclusions in GMR010a reveal a nearly complete replacement of H2O by D2O, whereas GMR-009a has only D2O contents up to 68 mole%. Similar to the "blank" experiment with GMR-009, T h values are insignificantly lower (red symbols in Figure 14) than the expected values (red dashed line in Figure 14) , due to lower fluid pressures inside the Au-capsule than the argon pressure in the pressure line (see Section 3). Although the modifications of fluid inclusions in GMR-010a result in lower T h values (green symbols in Figure 14) , they are significantly higher than the expected values (green dashed line in Figure 14) . Again, a similar result was observed in the "blank" experiment, corresponding to the interpreted increase of inclusion total volume due to the α-β-quartz phase transition. Enhanced permanent modifications in total inclusion volume at this phase transition were also identified by Schmidt et al. [9] with extremely short experimental run times (less than 400 s).
The size of fluid inclusions defines the variation in the amount of the modification for both experiments ( Figure 15 ). Relatively large inclusions (≈600 µm 2 ) contain maximally 15 mole% D2O, whereas relative small inclusions (≈60 µm 2 ) in GMR-0009a contain up to 70 mole% D2O. The large variation for a specific size is defined by the distance between inclusion and quartz surface. A similar The modifications of fluid inclusions in experiment GMR-010a (β-quartz) are more pronounced than in GMR-009a (α-quartz), due to the differences in the experimental temperatures. Most inclusions in GMR010a reveal a nearly complete replacement of H 2 O by D 2 O, whereas GMR-009a has only D 2 O contents up to 68 mole%. Similar to the "blank" experiment with GMR-009, T h values are insignificantly lower (red symbols in Figure 14) than the expected values (red dashed line in Figure 14) , due to lower fluid pressures inside the Au-capsule than the argon pressure in the pressure line (see Section 3). Although the modifications of fluid inclusions in GMR-010a result in lower T h values (green symbols in Figure 14) , they are significantly higher than the expected values (green dashed line in Figure 14) . Again, a similar result was observed in the "blank" experiment, corresponding to the interpreted increase of inclusion total volume due to the α-β-quartz phase transition. Enhanced permanent modifications in total inclusion volume at this phase transition were also identified by Schmidt et al. [9] with extremely short experimental run times (less than 400 s).
The size of fluid inclusions defines the variation in the amount of the modification for both experiments ( Figure 15 ). Relatively large inclusions (≈600 µm 2 ) contain maximally 15 mole% D 2 O, whereas relative small inclusions (≈60 µm 2 ) in GMR-0009a contain up to 70 mole% D 2 O. The large variation for a specific size is defined by the distance between inclusion and quartz surface. A similar effect is observed in GMR-010a, where small inclusions contain up to 100 mole% D 2 O and large inclusions only up to 45 mole% D 2 O.
effect is observed in GMR-010a, where small inclusions contain up to 100 mole% D2O and large inclusions only up to 45 mole% D2O. , as observed from two-dimensional projections in microscope images after re-equilibration experiment GMR-009a (red symbols) and GMR-010a (green symbols).
Synthesis in H2O-NaCl and Re-Equilibration in H2O
The original synthesis of H2O-NaCl-rich fluid inclusions [12] resulted in a relative unexpected broad span of densities (Table 2 , GMR-005, GMR-011 and GMR-014). Consequently, the reequilibration conditions in a pure H2O environment and a constant pressure of about 337 MPa resulted in a variety of minor pressure gradients between inclusions and the Au-capsule, in addition to H2O-fugacity gradients ( Table 4 ). The average pressure gradients are negative, corresponding to internal under-pressures. µm 2 ) , as observed from two-dimensional projections in microscope images after re-equilibration experiment GMR-009a (red symbols) and GMR-010a (green symbols).
Synthesis in H 2 O-NaCl and Re-Equilibration in H 2 O
The original synthesis of H 2 O-NaCl-rich fluid inclusions [12] resulted in a relative unexpected broad span of densities (Table 2 , GMR-005, GMR-011 and GMR-014). Consequently, the re-equilibration conditions in a pure H 2 O environment and a constant pressure of about 337 MPa resulted in a variety of minor pressure gradients between inclusions and the Au-capsule, in addition to H 2 O-fugacity gradients ( Table 4 ). The average pressure gradients are negative, corresponding to internal under-pressures.
The application of a classical diffusion model [8] for GMR-005 would finally result in a minor dilution of the aqueous solution in fluid inclusions, from 19.8 down to 19.4 mass% NaCl, a minor decrease in molar volume (−1.23%) and an increase in internal pressure (from 336 to 359.5 MPa) in the experimental conditions. These minor modifications correspond to higher T m values (−16.0 • C) and lower T h values (321.5 • C), which is in contrast to our observations ( Figure 16 ). Only a few of the re-equilibrated fluid inclusions from the short run-time experiment (GMR-005c, open symbols in Figure 16 ) reveal modifications according to a classical diffusion model. However, most inclusions reveal preferential loss of H 2 O, resulting in higher salinities, corresponding to lower T m values and higher T h values. The longer run-time experiments (GMR-005a, green symbols in Figure 16 ; and GMR-005b, red symbols in Figure 16 ) illustrate fluid inclusion modifications of T h and T m that are completely in contrast to the diffusion model, but reveal a linear trend away from the expected values.
The combination of homogenization temperatures and dissolution temperatures of fluids in the binary H 2 O-NaCl system can be used to calculate modifications in composition, molar volume and total volume of fluid inclusions [12] . The relative amount of H 2 O loss can be calculated from modifications of T m , assuming that H 2 O is the only mobile component. The loss of certain amounts of a component must lead to an increase of molar volume in fluid inclusions with a constant total volume. Small amounts of H 2 O loss would already result in intensive modifications of T h (see Table 6 in Bakker and Doppler [12] ). The observed T h values do not correspond to these calculated modifications and are much lower than expected (i.e., lower molar volumes). Consequently, these lower molar volumes can only be obtained by the reduction of the total volume of fluid inclusions. The experimental data from GMR-005a, GMR-005b, GMR-005c, GMR-011a and GMR-0014a have been used to calculate the amount of preferential H 2 O loss and the amount of total volume loss, according to these considerations ( Figure 17 ). The fluid inclusions from the relative short run-time experiment GMR-005c (120.4 h) revealed an average preferential H 2 O loss of 3.0% and a total volume decrease of 3.4 vol %. The intermediate run-time experiment GMR-005a (458.9 h) revealed an average 10.3% preferential H 2 O loss and 9.7 vol % total volume decrease and the long run-time experiment GMR-005b (961.9 h), a 17.5% preferential H 2 O loss and a 16.2 vol % total volume decrease. The re-equilibration experiments GMR-011a and GMR-014a were consistent with these results. In summary, the replacement of one mole H 2 O from the fluid inclusion with approximately one mole quartz from the host crystal resulted in the observed modifications of T h and T h . The molar volume of quartz and H 2 O were nearly equal in these experiments conditions, which resulted in a one-to-one mole alteration. This process is not triggered by fugacity coefficients, but is most likely caused by the internal under-pressure in fluid inclusions. This quartz-fluid exchange is a time-and temperature-dependent process, similar to their significance in diffusion processes, but this is a much stronger process to modify fluid inclusion properties than simple diffusion according to fugacity gradients. Figure 15 . D2O composition versus fluid inclusion size (in µm 2 ), as observed from two-dimensional projections in microscope images after re-equilibration experiment GMR-009a (red symbols) and GMR-010a (green symbols).
Synthesis in H2O-NaCl and Re-Equilibration in H2O
The original synthesis of H2O-NaCl-rich fluid inclusions [12] resulted in a relative unexpected broad span of densities (Table 2 , GMR-005, GMR-011 and GMR-014). Consequently, the reequilibration conditions in a pure H2O environment and a constant pressure of about 337 MPa resulted in a variety of minor pressure gradients between inclusions and the Au-capsule, in addition to H2O-fugacity gradients (Table 4 ). The average pressure gradients are negative, corresponding to internal under-pressures. The application of a classical diffusion model [8] for GMR-005 would finally result in a minor dilution of the aqueous solution in fluid inclusions, from 19.8 down to 19.4 mass% NaCl, a minor decrease in molar volume (−1.23%) and an increase in internal pressure (from 336-359.5 MPa) in the experimental conditions. These minor modifications correspond to higher T m values (−16.0 °C) and lower T h values (321.5 °C), which is in contrast to our observations ( Figure 16 ). Only a few of the reequilibrated fluid inclusions from the short run-time experiment (GMR-005c, open symbols in Figure  16 ) reveal modifications according to a classical diffusion model. However, most inclusions reveal preferential loss of H2O, resulting in higher salinities, corresponding to lower T m values and higher T h values. The longer run-time experiments (GMR-005a, green symbols in Figure 16 ; and GMR-005b, red symbols in Figure 16 ) illustrate fluid inclusion modifications of T h and T m that are completely in contrast to the diffusion model, but reveal a linear trend away from the expected values.
The combination of homogenization temperatures and dissolution temperatures of fluids in the binary H2O-NaCl system can be used to calculate modifications in composition, molar volume and total volume of fluid inclusions [12] . The relative amount of H2O loss can be calculated from modifications of T m , assuming that H2O is the only mobile component. The loss of certain amounts of a component must lead to an increase of molar volume in fluid inclusions with a constant total volume. Small amounts of H2O loss would already result in intensive modifications of T h (see Table 6 in Bakker and Doppler [12] ). The observed T h values do not correspond to these calculated modifications and are much lower than expected (i.e., lower molar volumes). Consequently, these lower molar volumes can only be obtained by the reduction of the total volume of fluid inclusions. The experimental data from GMR-005a, GMR-005b, GMR-005c, GMR-011a and GMR-0014a have been used to calculate the amount of preferential H2O loss and the amount of total volume loss, according to these considerations ( Figure 17 ). The fluid inclusions from the relative short run-time experiment GMR-005c (120.4 h) revealed an average preferential H2O loss of 3.0% and a total volume decrease of 3.4 vol %. The intermediate run-time experiment GMR-005a (458.9 h) revealed an average 10.3% preferential H2O loss and 9.7 vol % total volume decrease and the long run-time experiment GMR005b (961.9 h), a 17.5% preferential H2O loss and a 16.2 vol % total volume decrease. The reequilibration experiments GMR-011a and GMR-014a were consistent with these results. In summary, the replacement of one mole H2O from the fluid inclusion with approximately one mole quartz from the host crystal resulted in the observed modifications of T h and T h . The molar volume of quartz and H2O were nearly equal in these experiments conditions, which resulted in a one-to-one mole alteration. This process is not triggered by fugacity coefficients, but is most likely caused by the internal under-pressure in fluid inclusions. This quartz-fluid exchange is a time-and temperaturedependent process, similar to their significance in diffusion processes, but this is a much stronger process to modify fluid inclusion properties than simple diffusion according to fugacity gradients. 
Preferential H 2 O Loss
A logical cause for preferential H 2 O loss would be a corresponding fugacity gradient that only affects the H 2 O content in fluid inclusions. The presently-described experiments demonstrate that preferential H 2 O loss is not purely a diffusional process that can be modelled according to the classical diffusion theory. The experiments illustrate that H 2 O can also diffuse against specific H 2 O fugacity gradients, and this process can be characterized as a crystal-recovery process, in which the included fluid is expelled from the crystal through migration of fluid pockets away from the inclusion. The results of this crystal-recovery process have been described in only a few studies on re-equilibration of fluid inclusions, both natural and synthetic [5, [26] [27] [28] [29] , whereas other work revealed only textural evidence of the occurrence of this process [6] . A direct consequence of this process would be the formation of a halo of relatively small H 2 O-rich inclusions around the original larger fluid inclusion and the recrystallization and inward growth of inclusion walls into a highly irregular pattern. This halo can also be developed at the nm scale, forming small bubbles on dislocation lines around a re-equilibrated fluid inclusion [26] and, therefore, not visible with an optical microscope. Our experiments do not reveal these halos because the applied pressure gradients were extremely small, but nevertheless, both preferential loss of H 2 O and total volume loss are proven with the microthermometric data. In long run-time experiments, the original fluid inclusions will contract to a small gas-and salt-rich relict inclusion, whereas its aqueous fluid will be redistributed in the quartz crystal in numerous small inclusions, or it will be lost to pore space around the crystals.
Preferential H 2 O loss is a generally-accepted process that modifies fluid inclusion composition and density. This process takes place under hydrostatic conditions [26] and under deviatoric stress conditions [28] . Diffusion is assumed to be the mechanism of H 2 O transport through the quartz crystal according to specific fugacity gradients. However, the boundary conditions, i.e., the parameters that control diffusion, are not always well defined in re-equilibration experiments and are often only theoretically deduced [28] . The experimental work in the present study reveals a different type of H 2 O transport through the quartz crystal, which is not triggered by fugacity gradients, but by hydrostatic pressure gradients. This process must be active in experiments with a deviatoric stress because it includes similar hydrostatic pressure conditions. Consequently, the crystal-recovery process may also play an important role in the modifications of fluid inclusion in deviatoric stress experiments, in which preferential loss of H 2 O and molar volume decrease are observed.
Natural Fluid Inclusions
The identification and quantification of processes that may modify fluid inclusions is the first step to judge the reliability of the information obtained from natural fluid inclusions. Many experiments have revealed that fluid inclusions may adapt to external fluid conditions within the relatively short experimental run-time and that internal pressures are adjusted to hydrostatic pressures and maximum principle stress. The experiments have also revealed the limitations of modification processes, which are defined by temperature, pressure and fugacity gradients.
How can we judge that a natural fluid inclusion assemblage was modified? Textural analyses of fluid inclusion assemblages provide the main argument for the identification of re-equilibration processes. In addition, the variability of fluid inclusion compositions and densities within an assemblage is an important aspect. This variability can only adapt specific values according to well-defined modification processes. For example, an original homogeneous assemblage of a H 2 O-CO 2 -NaCl-rich inclusion trapped at high temperature and pressure can be modified to specific compositions and densities according to the diffusion of H 2 O. This variability can be calculated according to inclusion size and diffusion distance at specific temperatures.
The knowledge of mechanisms that may modify fluid inclusion properties is still incomplete. The present study provides conceptual models for a very limited set of fluid compositions, temperatures and hydrothermal confining pressures.
Conclusions
Processes involved in post-entrapment modifications of synthetic fluid inclusions that were published by Doppler et al. [10] , Doppler and Bakker [11] and Bakker and Doppler [12] are re-examined and scrutinized in the present work. The experiments were intended to include only fugacity gradients at constant temperatures (≈600 • C) and pressures (≈336 MPa), but an additional pressure gradient was established in some experiments. Binary fluid systems were selected, i.e., H 2 O-D 2 O and H 2 O-NaCl, to document modifications in microthermometric properties (T h and T m ) and corresponding modifications in density, composition and total volume of fluid inclusions accurately. Three types of processes were identified:
1. Diffusion of H 2 O and D 2 O was observed in experiments that contained only a fugacity gradient. The variety of fluid compositions (ratio H 2 O/D 2 O) of individual inclusions could be predicted according to classical diffusion models [8] , in which time, temperature, diffusion distance and fluid inclusion size play a major role. This diffusion process is not efficient below 500 • C or in short experimental run-times.
2. Negative pressure gradients (internal under-pressure) induce a crystal-recovery process, in which preferential loss of H 2 O occurs in addition to quartz growth into the inclusions (decrease in total volume), resulting in a lower H 2 O concentration and a higher fluid density. This process was the dominant modification process in re-equilibration experiments with a H 2 O-NaCl fluid system, which were performed with a relatively small H 2 O fugacity gradient (≈−18 MPa) and pressure gradients of −9-−16 MPa (under-pressure). These experiments included also H 2 O diffusion according to the first process (fugacity gradients) to a minor extent, which was only noticeable in short run-time experiments. The crystal-recovery process is able to transport H 2 O against fugacity gradients, away from the inclusions.
3. The α-β quartz transition induced an irreversible total volume increase of about 1% of fluid inclusions.
